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Abstract
We have analyzed by 31P MRS the relationship between kinetic parameters of phosphocreatine (PCr) recovery and end-of-
exercise status under conditions of moderate and large acidosis induced by dynamic exercise. Thirteen healthy subjects
performed muscular contractions at 0.47 Hz (low frequency, moderate exercise) and 0.85 Hz (high frequency, heavy exercise).
The rate constant of PCr resynthesis (kPCr) varied greatly among subjects (variation coefficients : 43 vs. 57% for LF vs. HF
exercises) and protocols (kPCr values: 1.3 þ 0.5 min31 vs. 0.9 þ 0.5 min31 for LF vs. HF exercises, P6 0.03). The large
intersubject variability can be captured into a linear relationship between kPCr, the amount of PCr consumed ([PCr2]) and pH
reached at the end of exercise (pHend) (kPCr =33.3+0.7 pHend-0.03 [PCr2] ; P = 0.0007; r = 0.61). This dual relationship
illustrates that mitochondrial activity is affected by end-of-exercise metabolic status and allows reliable comparisons between
control, diseased and trained muscles. In contrast to kPCr, the initial rate of PCr recovery and the maximum oxidative
capacity were always constant whatever the metabolic conditions of end-of-exercise and can then be additionally used in the
identification of dysfunctions in the oxidative metabolic pathway. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The rate of oxidative ATP production in exercising
muscle and more particularly the maximum aerobic
capacity has been estimated by a variety of methods
including biochemical analysis of muscle biopsies [1^
5], measurements of gas exchange [6^10] and 31P
magnetic resonance spectroscopy (31P MRS) [3,11^
19]. Besides the invasiveness of muscle biopsy proce-
dures, measurements of gas exchange only provide
information on systemic metabolic alterations fol-
lowing intense exercise. On the contrary, 31P MRS
o¡ers a non-invasive alternative of recording concen-
trations of high-energy phosphorylated metabolites
and pH changes before, during and after muscular
exercise. Based on ex vivo experiments in frog
muscle, Mahler et al. [7] have reported that post-ex-
ercise phosphocreatine (PCr) resynthesis is inversely
proportional to the rate of oxygen consumption sug-
gesting that the rate constant of the exponential PCr
recovery curve could be used as an index of oxidative
ATP production. An analysis of ischemic recovery
following muscle exercise has demonstrated that
0005-2728 / 00 / $ ^ see front matter ß 2000 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 2 8 ( 9 9 ) 0 0 1 1 1 - 5
* Corresponding author. Fax: +33-4-9125-6539;
E-mail : patrick.cozzone@medecine.univ-mrs.fr
BBABIO 44807 14-2-00
Biochimica et Biophysica Acta 1457 (2000) 18^26
www.elsevier.com/locate/bba
PCr resynthesis relies entirely on oxidative processes
[13,20], further indicating that information about the
mitochondrial function in skeletal muscle in vivo can
be inferred from the analysis of [PCr] time-dependent
changes. Finally, the relationships between post-ex-
ercise PCr recovery kinetics and citrate synthase ac-
tivity reported both in humans and animals [3,4] and
the maximum rate of oxygen consumption [9] are
additional ¢ndings demonstrating that post-exercise
[PCr] changes re£ect aerobic metabolism. More re-
cently, it has been shown that the recovery kinetics
of PCr were sensitive to oxygen availability in
trained subjects [21].
Several kinetic parameters describe [PCr] changes
during exercise-to-rest transition, including the rate
constant (kPCr) [15,19,22^24], the initial rate of PCr
recovery (ViPCr) [3,15,19,25], and the maximum aero-
bic capacity (Vmax) [8,13,15,19,25,26].
On the one hand, under conditions of no intra-
cellular acidosis, kPCr has been shown to be inde-
pendent of stimulation frequency [27], exercise inten-
sity and end-of-exercise levels of PCr [17,25]
suggesting that PCr recovery data provide reliable
indices of mitochondrial respiration and then of skel-
etal muscle oxidative capacity although a recent
study has shown that kPCr is modulated by oxygen
availability [21].
On the other hand, the situation is much more
complicated when intracellular acidosis is triggered
by exercise. A large intersubject variability is usually
observed [15,28^30], preventing the utilization of PCr
recovery data in order to measure oxidative capacity.
The robustness of the utilization of PCr recovery
data recorded after an exercise inducing severe acido-
sis has not, to our knowledge, been addressed previ-
ously.
In the present study, we analyze the sensitivity of
the kinetic parameters of PCr recovery (kPCr, ViPCr
and Vmax) to various conditions of exercise intensity.
The same subject was submitted to two exercise pro-
tocols which only di¡ered by the frequency of mus-
cular contractions. The ¢rst protocol was de¢ned by
a low contraction frequency (LF) of 0.47 Hz and
corresponded to minimal metabolic changes at end
of exercise (less than 50% of PCr consumed). The
second protocol was characterized by a higher mus-
cular contraction frequency (HF) of 0.85 Hz and
required the maximum physical capacity to achieve
the exercise (more than 50% of PCr consumed at the
end of exercise).
We aimed, in this study, at addressing the issue of
using PCr recovery parameters as robust indices of
mitochondrial respiration by underlining the rela-
tionship between recovery parameters and end-of-ex-
ercise metabolic status. Our purpose is not to present
a scheme of control of oxidative phosphorylation,
but rather to determine under what conditions PCr
recovery data illustrate mitochondrial metabolism.
2. Materials and methods
2.1. Subjects
The study was conducted on the dominant fore-
arm of 13 healthy volunteers (10 men and 3 women;
mean age þ S.D., 34 þ 10 years). Each subject was
right-handed and not involved in any regular phys-
ical activity. All volunteers provided informed con-
sent to participate in this study which was cleared by
the Hospital Committee on Ethics.
2.2. 31P Magnetic resonance spectroscopy
Subjects sat on a chair close to the magnet and
inserted the belly of their forearm horizontally into
the magnet bore. The forearm was placed approxi-
mately at the same height as the shoulder to ensure a
good venous return. The £exor digitorum muscle
(fdm) was examined by 31P MRS with a 5 cm, dou-
ble-tuned (1H, 31P) surface coil in a 4.7 T supercon-
ducting horizontal magnet (bore diameter, 30 cm)
interfaced to a Biospec (Bruker 47/30) spectrometer
operating at 81.15 MHz and 200.14 MHz for 31P and
1H, respectively. The homogeneity of the magnetic
¢eld was adjusted by monitoring the 200.14 MHz
signal from the muscle water and fat protons. Data
were acquired following 120 Ws radiofrequency pulses
applied at 1.8 s intervals and with a sweep width of
10 kHz. Spectra were time-averaged over 1 min (32
scans/spectrum) and sequentially recorded through-
out the experimental protocols.
2.3. Experimental protocol
Each subject performed two di¡erent rest^exer-
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cise^recovery protocols on separate days. Each ex-
perimental protocol encompasses 3 min of rest, 6
min of exercise and 20 min of recovery.
Muscular exercise consisted of ¢nger £exions lift-
ing a weight which was gradually increased by 1 kg
each minute from 1 to 6 kg. The sliding of the weight
was recorded using a home-built displacement trans-
ducer connected to a personal computer and results
were expressed as power output measured in Watts.
Exercise frequency was imposed by a metronome and
corresponded respectively to 0.47 and 0.85 Hz for
low frequency (LF) and high frequency (HF) proto-
cols.
2.4. Spectra analysis
After Fourier transformation and deconvolution
of free induction decays corresponding to a line
broadening of 15 Hz, spectra were transferred to
an IBM RISC 6000 workstation and processed using
the NMR1 spectroscopy processing software (New
Methods Research, Syracuse, NY). The area of
each resonance was ¢tted to a Lorentzian line shape
in the frequency domain in order to calculate relative
concentrations of phosphocreatine (PCr), inorganic
phosphate (Pi), adenosine triphosphate (ATP) and
phosphomonoesters (PME).
2.5. Quantitation of MRS data
Absolute concentrations of these phosphorylated
metabolites were calculated after correction for par-
tial saturation (correction factors are of 2.02, 2.47
and 1.58, respectively, for PCr, Pi and ATP) and
assuming that [ATP] is 8.2 mM [31]. Intracellular
pH (pHi) was calculated as previously described
[32]. Cytosolic ADP concentration was calculated
from [PCr] and pH using the creatine kinase equilib-
rium constant (KCK = 1.66U109 M31) [31] and as-
suming that total creatine [PCr+Cr] is 42.5 mM.
2.6. Data analysis
2.6.1. Kinetic parameter measurements
Post-exercise recovery of PCr was ¢tted to a single
exponential curve expressed by
PCrt  PCr1  PCr2  Wexp3kPCr Wt 1
where [PCr1] is [PCr] at rest and [PCr2] is the amount
of PCr consumed at the end-of-exercise. This latter
PCr concentration ([PCr2]) was calculated as the dif-
ference of the two following quantities: [PCr] mea-
sured at rest ([PCr1]) and [PCr] measured at the end
of exercise ([PCrend]). [PCr1] and [PCr2] were ex-
pressed in mM. The time t is expressed in min and
kPCr is the rate constant of PCr resynthesis (min31).
The initial rate of PCr recovery (ViPCr) was calcu-
lated as the time zero derivative of Eq. 1
V iPCr  kPCrWPCr2 2
The maximum aerobic capacity (Vmax) was calcu-
lated according to the model of Michae«lis^Menten as
previously reported [13,15,19,25,29] taking into ac-
count the ADP concentration measured at the end
of exercise ([ADPend]), the initial rate of PCr resyn-
thesis (ViPCr) and the Michae«lis^Menten constant
(Km) which was assumed to be 25 WM [13].
Vmax  V iPCrW 1 KmADPend
 
3
2.6.2. Statistical analysis
The identi¢cation of relationships between various
parameters was based on single or multiple regres-
sions. Multiple regression was run using independent
variables. Di¡erences between parameters recorded
throughout the two protocols were analyzed using
a paired t-test and P6 0.05 was chosen as signi¢cant.
3. Results
3.1. Rest
Metabolic parameters measured at rest (Table 1)
Table 1
Metabolic parameters measured throughout the rest period of
the HF and LF protocols
Rest
LF protocol HF protocol
[PCr] (mM) 35.7 þ 1.6 35.9 þ 2.2
[ADP] (WM) 9.1 þ 2.8 8.8 þ 3.5
pH 7.00 þ 0.02 7.00 þ 0.03
Values are means þ S.D. PCr, phosphocreatine; ADP, adenosine
diphosphate.
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were in good agreement with previously reported
values [9,11,31].
3.2. Exercise
For all subjects undergoing both protocols, power
output measured during exercise increased linearly
with respect to time reaching signi¢cantly higher val-
ues for HF protocol (1.7 þ 0.6 W) as compared to LF
(0.8 þ 0.4 W) (Fig. 1). PCr concentration and pH
decreased during the two exercise protocols (Fig. 2)
whereas Pi and ADP concentrations both increased
during the same period (Fig. 3).
As expected, the extents of PCr consumption, Pi
production and intracellular acidosis recorded at end
of HF exercise were signi¢cantly larger than those
measured at end of LF exercise since higher stimula-
tion frequencies result in larger metabolic changes
(Table 2). PCr contents were depleted respectively
to 56 and 34% of resting values for HF and LF
protocols. After an initial alkalosis during the ¢rst
minute of exercise, pH decreased linearly during both
protocols reaching a lower value after HF exer-
cise (6.45 þ 0.26) as compared to LF exercise
(6.83 þ 0.15). ADP concentration measured at the
end of exercise was the same whatever the exercise
protocols (33.0 þ 21.1 WM and 30.0 þ 17.0 WM, re-
spectively for HF and LF protocols).
All these metabolic and mechanic parameters
([PCr], [ADP], pH and power output) measured at
the end of both exercises varied greatly among sub-
jects (Table 2) and this intersubject heterogeneity was
re£ected by high values of the variation coe⁄cient
(vC) which ranged from 2 to 64%, respectively, for
pHend and [ADPend] (Table 2).
3.3. Recovery
After exercise, concentrations in phosphorylated
metabolites and intracellular pH returned to their
initial values (Figs. 2 and 3). Kinetic parameters of
Fig. 1. Linear time course of variations in power output
throughout the exercise protocols. Black circles refer to high
frequency exercise (HF) and white squares refer to low fre-
quency exercise (LF). Results are presented as means þ S.D.
Fig. 2. Time courses of variations in PCr concentration (top
panel) and intracellular pH (bottom panel) throughout the rest^
exercise^recovery protocols. Black circles refer to the protocol
with high frequency exercise (HF), whereas white squares refer
to the protocol with low frequency exercise (LF). Results are
presented as means þ S.D.
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PCr resynthesis (kPCr, ViPCr and Vmax) are presented
in Table 2. The rate constants of PCr resynthesis
(kPCr), calculated for both protocols, largely vary
among subjects (the variation coe⁄cients ranged
from 57 to 43%, respectively, for HF and LF proto-
cols) and experimental protocols (kPCr was signi¢-
cantly larger after LF exercise (1.3 þ 0.5 min31)
than after HF exercise (0.9 þ 0.5 min31)) (Table 2).
The same intersubject variability was observed both
for the initial rate of PCr resynthesis ViPCr and the
maximum aerobic capacity Vmax. Variation coe⁄-
cients of ViPCr ranged from 54 to 36%, respectively,
for HF and LF protocols and Vmax variation coe⁄-
cients were approximately the same whatever the ex-
perimental protocol (W55%) (Table 2). However,
contrary to kPCr, these two kinetic parameters were
independent of exercise frequency (Table 2).
Considering the sensitivity of kPCr to exercise fre-
quency, we have looked for a possible relationship
between this rate constant and metabolic parameters
measured at the end-of-exercise. Values of kPCr ob-
tained for both HF and LF protocols were pooled in
Fig. 3. Time courses of variations in Pi concentration (top pan-
el) and ADP concentration (bottom panel) throughout the rest^
exercise^recovery protocols. Black circles refer to the protocol
with high frequency exercise (HF), whereas white squares refer
to the protocol with low frequency exercise (LF). Results are
presented as means þ S.D.
Fig. 4. Relationships between the rate constant of PCr resyn-
thesis (kPCr) and intracellular pH (top panel) and the extent of
PCr consumed ([PCr2]) (bottom panel), both measured at the
end of the two exercise protocols. Dotted lines represent 99%
con¢dence bands for the true mean of kPCr.
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a same group of data (n = 26). We established that
kPCr was linearly and signi¢cantly linked to the ex-
tent of intracellular acidosis (pHend) according to the
following equation indicating that a signi¢cant intra-
cellular acidosis was associated with lower values of
kPCr :
kPCr  1:3 pHend37:4 P60:0004; r  0:42
Fig: 4; top panel
This equation was obtained with standard errors of
0.3 and 2.0, respectively, for pHend and the intersec-
tion variable.
We also established that kPCr was signi¢cantly re-
lated to the amount of PCr consumed ([PCr2]), ac-
cording to the following equation illustrating that an
increase in PCr consumption during exercise was ac-
companied by a decrease in kPCr values:
kPCr  30:05 PCr2  1:9 P60:0004; r  0:41
Fig: 4; bottom panel
This equation was established with standard errors
of 0.01 and 0.2, respectively, for [PCr2] and the in-
tersection variable.
In addition to these two relationships, multiple
regression analysis demonstrated that kPCr was si-
multaneously correlated with both metabolic param-
eters (pHend and [PCr2]) according to the following
equation con¢rming that end-of-exercise metabolic
status a¡ects directly the kinetics of PCr recovery.
kPCr  0:7 pHend30:03 PCr233:3
P  0:0007; r  0:61
This relationship was established with standard er-
rors of 0.5, 0.02 and 3.5, respectively, for pHend,
[PCr2] and the intersection variable.
This multiple regression analysis has been run with
the assumption that the other three parameters in the
relationship were independent variables. Indeed,
[PCr2] re£ects an amount of anaerobic ATP pro-
duced at the end of exercise and it was calculated
as the di¡erence of [PCr] measured at rest ([PCr1])
and [PCr] measured at the end of exercise ([PCrend]),
pHend re£ects the amount of protons produced and
consumed and was determined from the chemical
shift of Pi with respect to PCr (32.45 ppm) at the
end-of-exercise, and kPCr which re£ects oxidative ca-
pacity is the rate constant of PCr resynthesis.
On the contrary to kPCr, no signi¢cant relationship
was established between ViPCr or Vmax and pHend.
However, as for kPCr, a multiple regression analysis
showed that ViPCr was simultaneously correlated
Table 2
Metabolic parameters measured at the end of the HF and LF exercises (upper part of the table) and PCr kinetic parameters measured
following the HF and LF exercise protocols (lower part of the table)
LF protocol HF protocol
Means þ S.D. vC (%) Means þ S.D. vC (%)
End of exercise
[ADP] (WM) 30.0 þ 17.0 57 33.0 þ 21.1 64
[PCr] (mM) 22.0 þ 5.0 27 12.2 þ 7.0a 57
pH 6.83 þ 0.15 2 6.45 þ 0.26 4
Power output (W) 0.9 þ 0.4 41 1.8 þ 0.9a 33
Recovery
kPCr (min31) 1.3 þ 0.5 43 0.9 þ 0.5a 57
ViPCr (mM/min) 13.7 þ 4.9 36 18.8 þ 10.1 54
Vmax (mM/min) 30.0 þ 15.9 53 36.8 þ 20.0 54
Values are means þ S.D. PCr, phosphocreatine; ADP, adenosine diphosphate. The variation coe⁄cient was calculated as:
vC  S:D:
Meanvalue
 
W100:
Kinetic parameters (kPCr, ViPCr and Vmax) have been calculated as presented in Section 2.
aValues signi¢cantly di¡erent between the two protocols (P6 0.05).
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with pHend and [PCr2], according to the following
relationship:
V iPCr  22 pHend  PCr23146 P  0:014; r  0:31
This relationship was established with standard er-
rors of 8.1, 0.3 and 58.4, respectively, for pHend,
[PCr2] and the intersection variable.
4. Discussion
Several studies have shown that the kinetics of
post-exercise recovery of PCr contain information
on muscular oxidative capacity [3,4,9,10,13,20,24].
It is now accepted that the kinetics of PCr resynthe-
sis, often represented by the time constant of PCr
resynthesis dPCr (which is the inverse of kPCr) pro-
vides an index of oxidative capacity [9,17,33,34]. As
a matter of fact, dPCr is related to peak oxygen up-
take (VO2) [10,17] and maximal oxygen consumption
(VO2max) [34]. There is ample evidence of this rela-
tionship in animals and humans. In endurance-
trained human muscle, dPCr is shortened in agreement
with an improved mitochondrial function [17,18,35].
Similarly, in animals, dPCr is altered by training and
chemical thyroidectomy known to damage mitochon-
dria [9]. There exists a correlation between dPCr and
citrate synthase activity as shown in humans and rat
gastrocnemius muscle [3,4]. Finally, studies on rat
fast twitch muscle show that dPCr is independent
from stimulation rate over a 3-fold range of rates,
thereby indicating a relationship with muscle oxida-
tive capacity [23]. These relationships show that kPCr
can be used as a direct estimate of oxidative capacity
only when it is measured after exercise leading to
limited PCr changes with pH homeostasis.
However, under severe conditions of exercise, with
signi¢cant acidosis and a large extent of PCr con-
sumed at the end of exercise, the use of kPCr as a
direct re£ection of oxidative metabolism becomes
questionable. This issue has already been recognized
and the limitations in the use of kPCr as a reliable
index of oxidative capacity are well known when
exercise is associated to large metabolic variations
[27]. Also, it has been recently demonstrated that
even after submaximal exercise the rate constant of
PCr recovery can be modulated by oxygen supply
[21].
A second issue is the large intersubject variability
[15,29,30]. For instance, analysis of data from the
literature indicates that after exercise, untrained sub-
jects display a rate constant kPCr ranging from 0.13
min31 to 1.87 min31 [19,31] while the initial rate of
PCr resynthesis (ViPCr) ranges from 11 to 49.5 mM/
min [19,36] and the maximum aerobic capacity
(Vmax) ranges from 24 to 67 mM/min [19,29].
Bendahan et al. [28] have reported that kinetic
parameters characterizing PCr resynthesis (the
mean half time (t1=2PCr), the mean average rate
(d[PCr]/dt) of PCr resynthesis and the mean average
of [PCr]/[Pi] ratio recovery (d([PCr]/[Pi]/dt)) greatly
varied among subjects even under conditions of mod-
erate exercise. They proposed a set of linear relation-
ships linking end-of-exercise acidosis to kinetic pa-
rameters of PCr recovery. These relationships
o¡ered intersubject criteria of invariance although
the basis of intersubject heterogeneity remained es-
sentially unexplained.
In the present study, we again address the issue of
intersubject variability, but under variable conditions
of strenuous muscular exercise. Our results show that
kPCr varied both among subjects and with exercise
di⁄culty. The rate constant of PCr resynthesis was
larger after LF exercise than after HF exercise, illus-
trating the importance of end-of-exercise metabolic
status (pHend and PCr consumed ([PCr2])) in the
post-exercise mitochondrial activity. Since kPCr sig-
ni¢cantly varied between the two experimental pro-
tocols, this kinetic parameter alone cannot be used as
a direct estimate of oxidative metabolism. This ob-
servation is opposite to that made under steady-state
conditions, but complements the results recently pro-
posed by Haseler et al. [21] showing that the rate
constant of PCr recovery is modulated by oxygen
availability and demonstrating that variations in
kPCr must be interpreted with caution. Therefore,
we have tried to capture the large intersubject varia-
bility into a new set of linear relationships between
the kinetic parameters of PCr recovery (kPCr, ViPCr,
and Vmax) and the large metabolic changes associated
with intense exercise. Our objective was not to study
the control mechanisms of oxidative metabolism, but
rather to document the factors modulating the oxi-
dative capacity of muscle following exercise. As al-
ready reported in previous studies [2,3,7,9,22,23,35],
we have con¢rmed the existence of correlations be-
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tween the rate constant of PCr resynthesis kPCr and
pH reached at end-of-exercise (pHend) and the
amount of PCr consumed ([PCr2]) according to the
following set of equations:
kPCr  37 1:3 pHend P60:0004; r  0:42
Fig: 4; top panel
kPCr  230:5 PCr2 P60:0004; r  0:41
Fig: 4; bottom panel
We propose new relationships which apply over a
large range of metabolic changes. The critical e¡ect
of pH upon muscle energetics is well documented.
Hypercapnic acidosis alters oxygen consumption
[23] and reduces kPCr [23,25]. Acidic pH inhibits in
the sarcoplasmic reticulum the Ca2 release channel
and the Ca2 reuptake process [37]. Acidosis might
alter the structure of mitochondrion and uncouple
oxidative phosphorylation [35,38^42]. The negative
correlation between pH and post-exercise recovery
of PCr has been reported in humans [4,8,9,11,15,
19,23,24,43] rats [4] and cats [23] and for di¡erent
muscle types including the forearm £exor [11], medial
and super¢cialis gastrocnemius [4,8,15,19,24,43],
quadriceps [9], biceps [23] and soleus [23,43]. All cor-
relations indicate that intracellular acidosis a¡ects
the oxidative capacity of skeletal muscle to synthesize
ATP. Low intracellular pH can inhibit the rate-limit-
ing step of glycolysis under the control of phospho-
fructokinase, thereby limiting the availability of py-
ruvate for mitochondrial oxidation hence reducing
aerobic ATP production. However, a linear increase
in pulmonary oxygen consumption is usually re-
ported with increasing work rate [44], while lactic
acidosis measured in the bloodstream is signi¢cant
suggesting that oxygen consumption and conse-
quently aerobic ATP production are not a¡ected by
acidosis. Ion pumping reactions which consume 40%
of total ATP produced [45,46] contribute to reduce
the rate of PCr recovery. This additional demand of
ATP for non-contractile processes may be signi¢cant
and can, in part, explain our relationships. Recovery
rate of HbO2 saturation measured by near-infrared
spectroscopy after exercise is not a¡ected by intra-
cellular acidosis either [24], further con¢rming that
additional demand of ATP for non-contractile pro-
cesses may account for the negative e¡ects of acidosis
on kPCr. All these contributions are encompassed in
the relationship obtained after running a multiple
regression analysis which links the rate constant
kPCr to both pH reached at the end-of-exercise and
PCr consumed (kPCr = 0.7 pHend30.03 [PCr2]33.3,
P = 0.0007, r = 0.61). This relationship has been es-
tablished on the whole cohort of subjects for pHend
values ranging from 6 to 7 and for [PCr2] values
ranging from 5 to 35 mM. This dual relationship
emphasizes the cumulated e¡ect of both end-of-exer-
cise metabolic parameters. For each subject, this re-
lationship associates the values of pHend and [PCr2]
to a corresponding rate constant of PCr resynthesis.
Any deviation from this relationship can be inter-
preted usefully as a deviation from normal oxidative
capacity, such as in patients with mitochondriopa-
thies or in trained endurance athletes. This relation-
ship applies to a much wider series of exercise con-
ditions and accompanying metabolic responses as
compared to other studies limited to metabolic sit-
uations of pH homeostasis and small PCr changes
[4,11,17,22,25,27,47^49].
In contrast to kPCr, the two other parameters char-
acterizing PCr resynthesis, i.e. the initial rate of PCr
recovery (ViPCr) and the maximum rate of aerobic
ATP production (Vmax) have been found to be insen-
sitive to exercise frequency (Table 1) and did not
vary with end-of-exercise metabolic conditions. This
result is not surprising for ViPCr which is the product
of two quantities varying in opposite directions be-
tween the two exercise protocols. Considering that
ViPCr and Vmax are always constant, whatever the
metabolic conditions of end-of-exercise, they can be
additionally used in the identi¢cation of dysfunctions
in the oxidative metabolic pathway.
In conclusion, we have documented further the
issue of intersubject variability by con¢rming that
di¡erences obtained in PCr recovery kinetics, deter-
mined after moderate to severe conditions of exer-
cise, illustrate that mitochondrial activity is a¡ected
by end-of-exercise metabolic status i.e. PCr level
([PCr2]) and pH values (pHend). Furthermore, we
have de¢ned, under a wide range of metabolic con-
ditions (pHend and PCr consumption), a new set of
equations allowing reliable comparisons between
control, diseased and trained muscles.
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